The effects of sympathetic stimulation on the cerebral circulation in cats are in dispute. One unexplained observation is that sympathetic nerve stimulation constricts pial arteries but does not decrease cerebral blood flow (CBF). To reconcile these findings, we studied effects of sympathetic nerves on cerebral vessels using a new method that permits virtually continuous mea surement of pial artery diameter and blood flow velocity, and calculation of change in CBF. Change in CBF was calculated as the product of cross sectional area (CSA) and blood flow velocity in a large pial artery. Pial artery diameter was measured with the cranial window method and CSA was calcu lated (77r2). Blood flow velocity was measured with a pulsed Doppler velocity meter. In 11 cats, CBF was measured during the control period and during electrical stimulation of sympathetic nerves. During stimulation, arterial diam eter decreased 6 ± 1%, but CBF did not change because velocity increased 19 ± 5%. We also measured CBF with microspheres during control and after 60 s of sympathetic stimulation. Cerebral blood flow was 28 ± 3 ml/min/lOO g during control and 26 ± 3 mllmin/lOO g after 60 s of sympathetic stimulation (n = 5). It is likely that the increase in velocity during sympathetic stimulation was due to compensatory dilatation of downstream arteries.
and Bill, 1973; Boisvert et aI., 1977) have been un able to document a decrease in CBF during sympa thetic stimulation in cats. One hypothesis to explain these findings is that, although pial arteries constrict during sympathetic stimulation, compensatory mechanisms keep blood flow constant (Harper et aI. , 1972) .
To reconcile these findings, we studied effects of sympathetic nerves on cerebral vessels in cats using a new method that permits virtually continuous measurement of pial artery diameter and blood flow velocity, and calculation of change in CBF (Busija et aI., 1981) . Thus, a distinctive feature of this study is that both pial artery diameter and CBF were measured in the same cat. We tested the hypothesis that, although large pial arteries constrict during sympathetic stimulation, compensatory mecha nisms prevent CBF from falling.
METHODS
Eleven cats (2.9 -5.2 kg) were given sodium methohexital (30 mg/kg, i.p.) for initial anesthesia and supplemental chloralose and urethane (1: 10, i.v.) as needed. The cats were intubated and venti lated with air and supplemental oxygen. Polyethyl ene catheters were inserted into a femoral artery (for measurement of blood pressure and blood sam pling) and a femoral vein (for injection of drugs and fluids). Body temperature was maintained at 37-38°C with a heating pad.
In five cats, polyethylene catheters were inserted into both brachial arteries for withdrawal of refer ence blood samples. After a left thoracotomy, a polyethylene catheter was placed in the left atrium for injection of microspheres.
Measurement of CBF
Cross-sectional Area x Velocity
We have described this method in detail (Busija et aI., 1981) . Briefly, a burr hole was made in the skull over the ectosylvian and ectomarginal gyri and the dura was cut and reflected. A large pial artery (>250 /Lm) was identified and the pial-arachnoid mem brane on both sides of the vessel was cut. A pulsed Doppler crystal (0.4-0.5 mm x 1.5 mm) was in serted under the vessel and positioned at a 90° angle with respect to the velocity vector of the vessel. A cranial window was placed into the burr hole and cemented in place with dental acrylic. The space under the window was filled with artificial cere brospinal fluid. The composition of the cerebrospi nal fluid was the same as that used by Levasseur et al. (1975) . Blood flow velocity was measured con tinuously using a pulsed Doppler velocity meter and vessel width was measured using a Leitz micro scope and electronic micrometer (Model 142A, ITP Inc., Sunnyvale, CA). It was possible to measure artery diameter every 2-4 s. Cerebral blood flow was calculated as the product of cross-sectional area (CSA = 7Tr 2 ) x velocity. Because velocity was measured in arbitrary units (kHz shift), we could determine changes in CBF but not absolute values for blood flow.
Microspheres
Microspheres 15 /Lm in diameter were injected into the left atrium over a 20 -40-s period and the injection line was flushed with 5 -7 ml saline. The
number of microspheres injected varied from 0.5 to 2.7 million. Withdrawal of the reference blood sam ple began prior to microsphere injection and con tinued for 90 s afterward.
At the completion of each experiment, the cats were killed with intravenous KCI and the brain was removed. To estimate the area of the cerebrum perfused by the pial artery in which velocity and diameter were measured, we employed the follow ing procedure. The middle cerebral artery was can nulated with a tapered PElO catheter, which was advanced until it stopped, and then was tied into place. Branches of the artery upstream from the Doppler probe were tied or compressed by gentle pressure. Evan's blue dye was injected to mark the area supplied by that vessel. During dissection of the brain for counting, the blue area was excised, weighed, and blood flow was measured separately from flow to other areas of the brain. Blood flow to this area is referred to as regional CBF. The weight of this area was 1.9 ± 0.3 g. In addition, cerebrum and masseter muscle were removed and blood flow measured.
After the tissue samples were weighed, they were placed in plastic tubes and counted in a 3-inch well-type 'Y counter. Blood samples were divided into aliquots so that counting geometry was similar to brain samples. Nuclide separation was performed using standard methods.
Cerebral blood flow was calculated from the equation, CBF = CB x 100 X RBFlCR, where CBF is cerebral blood flow in mVmin/ 100 g, C B is counts per gram of brain, RBF is reference blood flow (rate of withdrawal of blood samples from reference ar teries) in mVmin, and C R is total counts in the refer ence arterial blood samples.
Experimental Protocol
Cerebral blood flow (CSA x velocity) was mea sured during control conditions and stimulation of the ipsilateral superior cervical ganglion (20 V; 20 Hz; 2-3 ms). In five cats, CBF was measured with micro spheres during control and after 60 s of sym pathetic stimulation. Arterial blood pressure and gases also were measured.
Statistical Analysis
Data were analyzed using paired t tests for com parison of two groups or randomized block analysis of variance and Tukey's test for comparison of more than two groups (Sokal and Rohlf, 1969) .
RESULTS
Sympathetic stimulation did not alter blood flow (measured with microspheres) to the area of the cerebrum served by the pial artery in which diame ter and velocity were measured, nor to the entire cerebrum ipsilateral to nerve stimulation (Fig. 1) . Regional CBF was 28 ± 3 mliminil00 g during con trol and 26 ± 3 mliminil00 g after 60 s of sympa thetic stimulation. Blood flow to the entire cere brum ipsilateral to nerve stimulation was 28 ± 4 mliminil00 g during control and 25 ± 4 mlimini100 g during stimulation. Blood flow to the contralateral, unstimulated cerebrum was 29 ± 4 ml/minil00 g during control and 26 ± 3 mllmin/l00 g during stimulation. In contrast to CBF, blood flow to mas seter muscle decreased during sympathetic stimu lation. Muscle blood flow was 4 ± 1 ml/minil00 g during control and 1 ± 0.2 ml/minil00 g after 60 s of stimulation (p < 0.05).
During sympathetic stimulation, pial artery diam eter decreased 6 ± 1% (p < 0.05) and blood velocity increased by 19 ± 5% (p < 0.05) (Fig. 2) . Cerebral blood flow did not change from control during stimulation (Fig. 2) . Pial artery diameter and blood flow velocity were at steady-state levels after 20 s of stimulation.
Mean arterial pressure did not change during stimulation (control, 100 ± 8 mm Hg; stimulation, 106 ± 8 mm Hg). Blood gases were pH, 7.35 ± 0.03; Pco2, 33 ± 1 mm Hg; and Po2, 239 ± 32 mm Hg. "t -1 : 
DISCUSSION
This study reconciles apparently discrepant findings obtained by different investigators con cerning effects of sympathetic nerves on the cere bral circulation. Several investigators have found that pial artery diameter decreases 7 -12% during sympathetic stimulation in cats (Wei et aI., 1975; Kuschinsky and Wahl, 1977; Auer et aI., 1981) , whereas other investigators were unable to docu ment a decrease in CBF (AIm and Bill, 1973; Bois vert et aI., 1977; Heistad et aI., 1978) . In the present study, we found that during sympathetic stimulation CBF remains unchanged because blood flow veloc ity increases as artery diameter decreases. This study provides direct evidence that pial artery di ameter can change without affecting CBF, at a con stant arterial pressure. The discussion will focus on consideration of methods and effects of sympathetic nerves on the cerebral circulation.
Methods
This new method (velocity x CSA) applied to the examination of effects of sympathetic nerves on the cerebral circulation has been validated in two ways using microspheres (Busija et aI., 1981) . First, im plantation of the Doppler crystal and cranial win dow does not alter blood flow or responsiveness of cerebral vessels in the region supplied by the artery in which blood flow velocity and diameter were measured. Blood flow to this area was not different from blood flow to ipsilateral cerebrum or con tralateral cerebrum (with intact skull and cranial muscle) during hypocapnia, normocapnia, and hypercapnia. Second, agreement between changes in CBF measured with microspheres and computed CBF (velocity x CSA) was excellent; the correla tion coefficient was 0.94 (p < 0.05), the slope of the regression line was 1. 02 (95% confidence limits, 0.86-1.18), and the y-intercept was not different from zero. Thus, our method is capable of accu rately determining changes in CBF without signifi cantly affecting cerebral vascular responses.
An underlying assumption of our method is that the position of the Doppler crystal with respect to the artery does not change during an experiment. Sympathetic stimulation reduces diameter of pial veins by 17% (Auer et aI., 1981) , which might de crease cerebral blood volume (Edvinsson et aI., 1971) , change the position of the Doppler crystal, and distort the velocity signal. However, during hypocapnia and hypercapnia, conditions under which cerebral blood volume decreases and in creases, respectively, agreement between changes in CBF determined with micro spheres and the Doppler -cranial window method was excellent (Busija et aI., 1981) . Thus, it is unlikely that changes in CBF volume produce positional changes of the Doppler crystal during sympathetic stimulation.
Sympathetic Effects on Cerebral Circulation
Sympathetic stimulation has been reported to de crease pial artery diameter from 7 to 12% (Wei et aI., 1975; Kuschinsky and Wahl, 1977; Auer et aI., 1981) . The magnitude of decrease in pial artery di ameter during sympathetic stimulation in our study (6%) was similar to that reported by Wei et al. (1975) (7%) and less than that reported by Kus chinsky and Wahl (1977) and Auer et al. (1981) (up to 12%) . The reason for the difference in magnitude of response may be related to the type of cranial window used, control diameter of pial arteries, or stimulation parameters. We used a "closed" cranial window identical to that used by Wei et al. (1975) and obtained similar results.
The pattern of cerebrovascular response during sympathetic stimulation differs from the response during hypocapnia. During hypocapnia (Pco2 < 20 mm Hg), CBF decreases 18 ± 2%, large artery di-
ameter decreases 12 ± 1%, and blood velocity does not change (Busija et aI., 1981) . This decrease in CBF, due entirely to a decrease in artery diameter, implies that the response in downstream arteries was similar to that in large arteries. Thus, during hypocapnia, the response of the large pial artery near the Doppler probe was similar to that in other vascular segments. These findings confirm obser vations by Wei et al. (1980) that large and small pial arteries respond similarly during hypocapnia. In contrast, during sympathetic stimulation, artery di ameter decreases, blood flow velocity increases, and CBF does not change.
There are at least two possible explanations for the increase in blood flow velocity during sympa thetic stimulation when arterial diameter decreases. One possibility is that, although large pial arteries constrict during stimulation, downstream arteries dilate due to compensatory mechanisms. Constric tion of large pial arteries may reduce intraluminal pressure in downstream arteries, and blood flow velocity may increase because of autoregulatory dilatation. Under these conditions, CBF would not change. Wei et al. (1975) , using a cranial window preparation similar to ours, found that large pial ar teries constrict during sympathetic stimulation in cats, but small « 100 M-m) pial arteries do not change in diameter. Although small pial arteries may not dilate during sympathetic stimulation, one might postulate that parenchymal arteries would dilate.
A second possibility is that large pial arteries constrict during stimulation but diameters of down stream arteries remain unchanged. Under these conditions, CBF might decrease only slightly (if the contribution of large pial arteries to cerebral vascular resistance is small), but blood velocity in large arteries would nevertheless increase. If the decrease in CBF is 5% or less, it would be difficult to detect this change in CBF with existing methods.
One way to examine the first possibility would be to stimulate sympathetic nerves during hypercapnia (Harper et aI., 1972) . Since small cerebral arteries are dilated during hypercapnia, compensatory re sponses would be prevented and sympathetic stimulation would be expected to reduce CBF. Pre liminary studies using microspheres in our labora tory indicate that unilateral stimulation of sympa thetic nerves during hypercapnia (Pco2, 66 ± 2 mm Hg) reduces blood flow to the cerebrum by 12 ± 3% in cats . This finding pro vides indirect support for the hypothesis of Harper et al. (1972) and suggests that increases in velocity of blood flow during sympathetic stimulation may be produced by compensatory dilatation of down stream arteries. It is possible, however, that other mechanisms are involved that potentiate the effects of sympathetic nerves on CBF during hypercapnia.
In summary, stimulation of sympathetic nerves constricts large pial arteries in cats, but CBF does not change because blood flow velocity increases. It is likely that the increase in blood flow velocity is due to compensatory dilatation of downstream, probably parenchymal, arteries.
